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8 Case studies in ecological genetics
by PAUL M. BRAKEFIELD
8.1 Introduction
Ecological genetics is an integrated study of ecology and genetics con-
cerned with understanding evolutionary processes. Evolution may be
defined as any net directional change or any cumulative change in the
characteristics of organisms over many generations. This definition cov-
ers both the origin and the spread of new variation in organisms. Infor-
mation on four major processes is used by population geneticists to
produce mathematical models of the changes in gene frequencies which
occur during evolutionary change. These processes are natural selection,
random genetic drift, migration and mutation. Natural selection
involves
• phenotypic variation in a particular characteristic or trait of an
organism,
• differences in fitness or reproductive success between the variants,
• some genetic basis to, or inheritance of the variation (see ENDLKR
1986).
Given these three conditions predictions can be made about changes in
the frequency of different phenotypes. Random genetic drift within
Populations occurs because of stochastic or chance events based on the
mathematical properties of sampling error. It is thus especially impor-
tant in very small populations. Migration or the flow of genes between
Populations may act to smooth out any genetic differences between
them or to introduce novel genetic variation from one to another. Muta-
tion is a critical process in the generation of novel genetic variation at
the level of the coding material for genes on the chromosomes.
Ecological geneticists assert that the causes of genetic variation can-
not be understood without a thorough knowledge of the ecology of the
organisms concerned (FoRD 1975 *1461-}. Their approach combines
field and laboratory studies to investigate the dynamics of evolutionary
Processes. They are especially concerned with understanding the proc-
esses which generate differences in genetic variation between popula-
tions and which maintain genetic variation within populations. Such
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variation is the raw material of evolutionary change and is, therefore,
critical to the ability of populations of an organism to exhibit an adap-
tive response to a changing environment. The detection and demonstra-
tion of natural selection in the wild is an important first step in under-
standing evolutionary change involving adaptation. However, equally
interesting questions are:
• what are the biological reasons for the variation in fitness and for the
selection?
and given the fitness variation
• what predictions can be made about the evolutionary dynamics of the
genetic variation (ENDLER 1986)?
Differences in genetic variation between populations may reflect histori-
cal or present-day differences in natural selection which influenced char-
acteristics of the organism involved in adaptation to differing environ-
ments. Alternatively, such differences in genetic variation may have been
established by the chance events of random genetic drift. Some ecologi-
cal geneticists are concerned with distinguishing between these types of
explanations for particular patterns of geographical variation. The two
case studies of ecogenetical research in butterflies which are discussed in
this chapter illustrate some of the problems of studying evolution in nat-
ural populations.
Many of the classic studies in ecological genetics have concerned col-
our or pattern polymorphisms in which discrete genetic forms of a spec-
ies coexist within populations (FORD 1975 *1461-, BERRY 1977). Exam-
ples include the occurrence of black melanic, and pale non-melanic
forms of many European moths and some other insects (BRAKKHKLD
1987a). High frequencies of the melanic forms occur in many cities. The
evolution of this industrial melanism in the nineteenth century was
based on a change in the effectiveness of the camouflage or relative cryp-
sis of the phenotypes to bird predators associated with changes in the
resting background of the moths on trees in cities because of the toxicity
of air pollution to epiphytic plants and the fallout of smoke blackening
bark. The frequencies of the melanic forms are now declining in many
cities in response to falling levels of air pollution. The environmental
change is resulting in changes in the ways in which natural selection in-
fluences the different phenotypes. Such systems involving discrete
phenotypes controlled by simple Mendelian segregation of alleles at ma-
jor gene loci and which are associated with particular environmental
factors lend themselves to the ecological geneticists' approach to
studying evolution. There have been some far less complete studies of
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certain colour polymorphisms in European butterflies (FoRD 1945,
1975 *1461-).
Such polymorphisms involving the occurrence of two or more discrete
morphological phenotypes at substantial frequencies within populations
are not found in many species. The majority of evolution in the mor-
phology of organisms occurs through smooth adaptive change based on
variation at a large number of minor gene loci, each of small effect on the
phenotype. Such polygcnic systems are associated with characteristics of
organisms which vary in a quantitative or continuous way rather than in
a qualitative or discrete manner. Natural selection cannot be represented
in terms of changes in the frequency of specific genes or alleles but is
usually recorded in terms of the population mean and variance. The
same phenotype can be determined by different combinations of the
polygenes. The two case studies described in this chapter each involve
species of satyrine butterfly and quantitative variation in the phenotype
of the wing spotting pattern.
8.2 Basic methodology of ecological genetics
Variation in the phenotype of a species is a prerequisite for those inter-
ested in studying the differentiation of populations. The wing patterns of
butterflies offer ideal material for many evolutionary studies since varia-
bility in the pattern can often be quantified without difficulty. The scor-
ing or recording of such variability is particularly easy for many colour
polymorphisms. However, in some cases the morphs may tend to over-
lap in phenotype requiring a more sophisticated analysis (e.g. BRAK.I -
HELD and LIEBKRT 1985). Polymorphism is also often studied at the level
of variation in the enzymes of an organism. The biochemical techniques
of gel electrophoresis are then used to distinguish the different forms of
an enzyme as controlled by allelic genetic variation (see HANOFORD 1973
*1894~). Breeding studies in the laboratory are necessary to establish
the inheritance of the polymorphism by examining patterns ot
segregation in a series of families produced by crossing the various
phenotypes.
The study of quantitative variation usually requires careful measure-
ment of the continuous variation in the phenotype. It is important to
standardize the measurement technique precisely otherwise studies by
different workers may give results which differ as an artefact of the
methodology rather than for biological reasons (e.g. BRAKHHHI.D and
DOWDBSWBLL 19X5).
Unfortunately in many studies of quantitative variation in butterflies
(see BRAKIÎHKLD 1984) the genetic basis of the phenotypic variation has
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only rarely been examined rigorously. This must always be an initial aim
in ecogenetical research since if, for example, the phenotypic variation is
entirely dependent on environmental effects and has no genetic basis
then it can have no evolutionary consequence. Genetic studies involve
examining patterns of resemblance between relatives which share a cer-
tain proportion of their genes (FALCONER 1989). Such studies often in-
volve the resemblance between offspring and their parents as identified
by a regression analysis. The coefficient of the regression for offspring
values on parental values (e.g. of family means on mid-parent values)
yields an estimate of the heritability. This is equivalent to the proportion
of the total phenotypic variation which is genetic, rather than environ-
mental, in origin. Heritability varies from zero (no genetic basis) to unity
(no environmental variation). An estimate of heritability is important in
indicating how rapid any response to selection on the character con-
cerned is likely to be. The higher the heritability, i.e. the greater the
genetic dependence, the more rapid such a response will be.
Field studies are usually initially designed to quantify the phenotypic
variation within and between a number of different populations. An ex-
amination of any correlations between the patterns of geographical vari-
ation and environmental variables may then suggest a hypothesis about
how selection influences the variation. (A suggested relationship with
historical changes in population size might also be consistent with the
effects of random genetic drift.) Any such hypothesis can then be tested
by applying one of several available methods (ENDLKR 1986). Some of
these methods involve manipulating or perturbing a population in such
a way as to be able to detect whether a predicted response based on the
hypothesis about selection actually occurs. Laboratory studies are often
required to examine ideas about how fitness is related to different phe-
notypes or genotypes, or to a particular environmental factor.
Fieldwork is also necessary to study the relevant ecology of the or-
ganism. A knowledge of the population dynamics and movement pat-
terns is critical to understanding the evolutionary processes. Particularly
important parameters are the population size, the survival rate and the
rate of migration between different populations. Many studies involve
estimating these parameters for cohorts of different phenotypes within a
population so that comparisons can be made. For example, in the case
of industrial melanism in the peppered moth Biston bctularia experi-
ments have demonstrated empirically that the survival rate of melanic
moths relative to the pale non-melanics is high in polluted cities but low
in rural environments (BRAKEFIELD 1987a). An important technique for
studying population dynamics and movement is that of mark-release-
recapture ( BEGON 1979). Individual butterflies can be given a unique or
date-specific code by using an indelible marker pen to mark their wings
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so that they can be identified after release if subsequently recaptured.
Statistical analysis of the recapture histories of different individuals or
cohorts can give estimates of all the population parameters. Recording
the position of release and recapture points, for example by reference to
a grid, also enables movement patterns to be investigated. Capture-
recapture experiments are usually performed over a period of days
because analysis of the data then yields more precise estimates. A wide
variety of other ecological methods are also available to ecological ge-
neticists (SOUTHWOOD 1966).
8.3 Maniola jurtina
This species has been more intensively studied by ecological geneticists
in Europe than any other butterfly. Its abundance, widespread distribu-
tion in all types of unimproved grassland, long annual flight period and
extensive variability in spot pattern and other wing pattern elements are
all very favourable characteristics for studies in ecological genetics. Over
thirty years ago FORD, DOWDBSWELL and colleagues at The University
of Oxford chose to use variation in the number of small hindwing spots
as an index of the fine adjustment and adaptation of populations (Dow-
DESWELL et al., 1949 *///9-, DOWDESWELL and FORD 1952 *1120-\ The
field data accumulated by this group and later by other workers on
Maniola jurtina represent the most extensive available on the evolution
of quantitative characters in animal populations. Their studies have con-
centrated on describing the spatial and temporal dynamics of the differ-
ent spotting phenotypes within populations and on pointing out the se-
lective forces that might be operating on these variations.
The extensive field studies on the population biology and adult behav-
iour of M. jurtina are fully described by BRAKEHELD (1982a *0570h-,
1982b *0570C-). Unfortunately the qcogenetical study of this butterfly
has until recently not been based on a rigorous examination of the
genetics of the wing spotting characters although the crucial importance
of understanding the control of the phenotypic expression of spotting
has always been acknowledged. Spot patterns provide the most fre-
quently studied examples of quantitative characters in butterflies but the
genetic basis of the spotting variation has only rarely been examined.
8.3.1 Eyespot development and scoring
An understanding of the development or ontogeny of the spot pattern is
also valuable. NIJHOUT (1978, 1985) has reviewed wing pattern forma-
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Fig. 8/1. Diagram of variation in the spot pattern on the ventral surface of the
wings of Maniola jurtina. Top row: variation in the forewing eyespot (unshaded
area is of brighter fulvous colouration); l e f t : small black eyespot with single
white pupil (characteristic of males); m i d d l e : larger spot with single pupil
(characteristic of females); r i g h t : a more extreme female phenotype snowing a
very large eyespot with two pupils (f. hioculata) and with two addit ional spots (I.
addenda). Bottom three rows: illustrate nine of the thirteen commonly occurring
hindwing spot phenotypes: 0 nought spot, Cl costal 1, Al anal 1, C2 costal 2, S2
splay 2, C3 costal 3, IM3 median 3, S4 splay 4 and all 5 spots (not shown: A2, A3,
C4 and A4). The nought spot specimen illustrates the position of the lighter
band within which the spots lie. The reference numbers of the spots are indicat-
ed. Different sized hindwing spots present an idea of changes in relative (not ab-
solute) spot size.
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tion in the Lepidoptera and developed a model for its determination
based on the observation that the pattern of pigments in each wing cell
is developed in a definite relation to a central focus. Experiments involv-
ing the cauterization or transplantation of cells has provided evidence
for such a focus at the centre of an eyespot in the butterfly Precis cocnin
(NuHOUT 1980). Spots or eyespots represent the simplest condition in
which the pattern is laid down as a system of concentric circles around a
focus. Modifications of this are envisaged by NUHOUT as resulting from
the interpretation process of the distribution of some form of gradient in
positional values radiating from the focus. Such a gradient probably in-
volves diffusion of a morphogenetic substance or morphogen away from
the cells of the central focus. The position of a focus and hence of a spot
may shift laterally along the midlinc of the wing cell.
Comparative studies of the spot pattern of related species can also be
relevant to investigations of individual species such as M. jurtina.
SCHWANWITSCH (1924 *4195~, 1948 *4198-; see also SÜFFERT 1927,
1929) analyzed the wing patterns of nine groups of Palaearctic Satyri-
nae. Representatives of the group which includes the genus Maniola
were used to construct a "prototype" wing pattern which showed the
presence of a submarginal series of five forewing and six hindwing spots.
Each of these spots may on occasion be observed in specimens of
M,Jurtina but the great majority show a much more restricted series, es-
pecially on the forewing. DOWDHSWHLL and MrWiURTKR's (1967 *1124-
) survey of spot variation in M. jurtina and two congenerics, M. tclincssia
and M. cypricola led them to suggest that the genes controlling spotting
were trans-specific, trans-generic and trans-familial and therefore of
great ant iqui ty ("palaeogenes").
The spot pattern characters studied in M. jurtina are shown in Fig.
8/1. The small black hindwing spots lie within a band of lighter pigmen-
tation on the ventral wing surface (occasionally also on the dorsal sur-
face). The pattern on the forewing is concentrated in the development ot
a conspicuous cycspot with one or two white pupils. The si/c of the spols
varies continuously and there are significant phenotypic correlations in
spot-size between all the spot characters (BRAKi:nni,n 1984).
The hindwing spots may be present or absent at each of five (rarely a
sixth) defined positions (see Fig. 8/1). Hindwing spot-number is the
character which has been most extensively surveyed in natural popula-
tions. Spot-number is highly correlated with the total area of spots on
the wing (BRAKUFIKLD 1984). It is also easily scored in the field although
a recent problem has come to light in a comparative study involving in-
dependent workers (BKAKI:HI : I ,D and Dowm:swi:ix 1985). This showed
that DOWDF.SWFM. imposes a narrow size threshold below which a very
small black mark at the appropriate position on the wing is not con-
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sidered to be a spot (see DOWDESWELL and FORD 1952 *1120-) while
BRAKEFIELD scores the complete range of spot presence. Morphometric
data on spot-size enabled transformation of the latter data set to give a
close match in the frequency distributions of spot-number within sam-
ples. The consequence of this type of scoring difference would be the
interpretation from studies by different workers in the same area that
absolute levels of spotting differed while relative differences between
populations were similar. This illustrates the importance of describing
and standardizing the scoring procedures for any quantitative character
particularly when absolute size is not measured and where there may be
some question as to what constitutes expression of the character.
8.3.2 Heritability of hindwing spotting
An early study by MCWHIRTER (1969 *30()3-) obtained some very limit-
ed data on the heritability of spot-number. He raised four broods of the
Isles of Scilly race under temperature conditions fluctuating around
15 C. The brood sizes were 8, 9, 19 and 53. Analysis by linear regression
of all individual offspring on mid-parent values (usually mean (mid-)
offspring values are used) gave estimates of heritability (h2) of
0.63 ± 0.14 in females and 0.14 (non-significant) in males. An analysis of
variance of spot-number between and within broods yielded a further
estimate of h2 of 0.83 in females. MCWHIRTER suggested that the latter
estimate was more reliable because of the small broods, the difference in
environment under which the parents (some collected in copu la ) and
progeny developed and the different estimates obtained for the sexes.
FORD (1975 *1461-) reports that MCWHIRTER obtained higher estimates
of/z2 for butterflies reared at a higher temperature.
More reliable estimates of heritability are described by BRAKEFIELD
(1984, with Plates) and BRAKEFIELD and VAN NOORDWIJK (1985). Sixteen
broods with an average of 84 butterflies (total = 1340) were raised from
a parental stock of about 300. This stock was obtained from the eggs of
thirty females collected at Oude Mirdum in the north of The Nether-
lands. Both generations were raised under similar conditions in an un-
heated laboratory. The estimates of A2 of spot-number given in Table 8/1
were obtained by conventional parent-offspring regression. Further
analyses showed that the estimates were not sensitive to various trans-
formations of the raw data or to a weighted regression procedure taking
into account the wide variability in family size. Furthermore, exclusion
of the four broods with extremes of high or low mortality from the
analysis yielded essentially the same estimates. This suggests that the
mortality occurring in the broods of about 40% was non-selective with
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respect to spotting. Thus the high values of /r given in Table 8/1 de-
monstrate that for this stock there is substantial (additive) genetic vari-
ance for spot-number.
Table 8/1. Heritability estimates (± S.E.) for hindwing spot-number in Maniohi
jurtina based on regression on single parent and mid-parent values; untrans-
formed data. All estimates are significantly different from 0. The correlation be-
tween parental spot-numbers was 0-09 and the genetic correlation between sexes
was 0-75 (from BRAKEFIELD and VAN NOORDWIJK, 1985)
Male offspring
Female offspring
Male
parent
0-88±0-21
0-85±0-32
Female
parent
0-58±0-26
l-08±0-25
Mid-parent
0-66±0-11
089±0-11
The breeding data were obtained from a single laboratory stock and
therefore it is legitimate to question the extrapolation of the heritability
estimates to field conditions with more environmental variation and to
other populations with different gene frequencies. BRAK.HHKLD and VAN
N(x)RDWUK (1985) found that experiments performed with one large
brood in which newly pupated larvae (<15 min old) or progressively
older pupae were chilled at 2 C for 24 or 48 h produced no detectable
effect on hindwing spotting (unlike Aricia arltixcrxes; H0EGH-GULD-
BKRG and HANSEN 1977 *2I63~). Similar findings were made when
stocks of pupae from wild-collected larvae were raised in different tem-
perature or relative humidity conditions. Furthermore, when larvae col-
lected in different populations are reared in the laboratory, relative dif-
ferences in spot-number tend to be maintained (see also DOWDESWKLL
1961 *///J-, 1962 *1116-). These observations suggest that the herita-
bility is probably not greatly influenced by the environment and that the
laboratory estimates are likely to be close to those prevailing in na tura l
populations. The high values for the estimates of /r of spot-number then
predict that strong selection for more extreme spotting in a population
will result in a rapid response. Studies of the frequency distribution of
spot-number over successive generations wi th in populations have some-
times detected changes; for example ones occurring on Tean in the Isles
of Scilly and in Tuscany, Italy which coincided with habitat changes
(DOWDESWKLL and FORD 1955 *//2/-, Dowm swi 11 c t al. 1957 *1I22
, ScALi 1971a *4083-) and other examples which were associated with
exceptional droughts or warm and dry summers on islands in the Isles of
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Scilly and southern Sweden (UOWDESWELL etal. 1960 *1I23~,
BENGTSON 1978) or with climatic changes in England and Italy (CREED
etal. 1959 *0977-, 1962, SCALI 1972 *4083b-). Similarly, the high herit-
ability implies that the many observed cases of differences in spot fre-
quency between large populations (see below) are likely to be due to the
differing influence of natural selection on the genetic variation within
them.
8.3.3 Expression of spotting
The hindwing spots are usually encountered in a limited series of differ-
ent spot-position combinations (!Vk WHIRTER and CREED 1971). Thus
only 13 out of 32 possible combinations of the five spots (that at position
4 is rare) are common. The combinations are referred to as spot types
and have a standard notation (e.g. Cl = costal 1 with one spot only at
position 5; see Fig. 8/1). MrWmRiER and CREED adopted a costality in-
dex to measure the spot-placing variation in populations. They showed
that in natural populations the costality is largely independent of mean
spot-number (spot average). This is emphasized in Scotland where a
steep cline in costality with altitude is not associated with any corre-
sponding change in spot frequency ( B R A K E E I E L D 1984, 1979a). In other
satyrine species which show a variable spot pattern the spots also only
occur in certain combinations (e.g. Aphanlopus hyperantus; SEIM'ANEN
1981 *4250-).
BRAKEHELD and VAN N(X>RDWIJK (1985) examined the genetics of
hindwing spot-position by calculating the mean position for all spots
present in each individual using the spots' reference numbers (see Fig-
8/1). The estimates of hcritability obtained by parent-offspring regres-
sion are given in Table 8/2. The trait is heritable but perhaps less so than
is spot-number.
One feature of the estimates of heritability for both hindwing spotting
traits, especially spot-position, is that those for offspring on their same-
sex parent are higher than those on that of the opposite-sex (Tables 8/1
and 8/2). In other words, males apparently resemble their male parent
more closely than their female parent, and females are more like their
female parent. BRAKEFIHLD and VAN NOORDWUK (1985) show that this is
not due to different scaling properties of the traits in the two sexes but to
sexual differences in the inheritance and expression of the traits. The ge-
netic correlation between the same trait in the two sexes was lower than
unity, particularly for spot-position (0.40). Further analysis of the fre-
quency of the individual spots in broods in relation to parental pheno-
type showed many deviations from equality in offspring of each sex.
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Table 8/2. Heritability estimates ( + S.E.) for hindwing spot-position in Maniola
jurtina based on regression on single parent and mid-parent values; unspotted
butterflies are excluded. Estimates which are significantly different from 0 are
indicated by asterisks. The correlation between parental values was 0-01 and the
genetic correlation between sexes was 0 40 (from BRAKEFIELD and VAN NCXIRD-
WIJK, 1985).
Male offspring
Female offspring
Male
parent
0-53±0-17*
0-27±0-40
Female
parent
024±0-16
0-77+0-25*
M id -pa rent
0-35±0-IO*
0-57±0-20*
Spot 6 was characterized as typically female while spots 2 and 3 were
typically male. This will cause a greater resemblance to the same-sex par-
ent in respect of both spot-number and spot-position and it is consistent
with the higher costality indices characteristic of the females within popu-
lations (Me WHIRTHR and CREED 1971, BRAKEFIELD 1984). Females also
tend to have fewer and smaller hindwing spots and female spot averages
are consistently lower than the corresponding ones for males.
8.3.4 Selection and the forewing eyespot
The finding that the hindwing spots have a pattern of expression that is
partially sex-dependent due largely to the behaviour of certain spots is
of particular interest since it is consistent with a model to account for the
variability in spot patterns in natural populations (BRAKHFIELD 1984; see
also BRAKHFIELD and LARSEN 1984, BRAKEFIELD 1987b). This model pre-
dicts that visual selection by predators operates differently on the two
sexes and less strongly, also operates disruptively within the sexes. These
differences in selection are associated with differences in the ecological
resource requirements of males and females and in adult behaviour,
males being generally more active than females ( B R A K i i i i i n I982a
*0570b—). The marked sexual dimorphism and variability within sexes
in the size of the forewing eyespot is an important component of the
model (see Fig. 8/1). Significant differences in forewing spot-size in each
sex within populations were demonstrated by a morphometric study of
populations within a region of Scotland ( B R A K I H I I n 1MS4). Forewing
spot-size was assessed in the material bred by BRAKFFIELD (1984) by ref-
erence to a series of size standards. Analysis of these data gave evidence
of a substantial genetic component in determination of spot-size. Esti-
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mates of heritability were 0.80 ± 0.21 in males and 0.59 ± 0.20 in fe-
males. The estimates for both sexes were higher when based on the fe-
male, than the male parent, suggesting that there may be a maternal ef-
fect in the inheritance (BRAKEFIELD and VAN NOORDWIJK 1985). The
broods also revealed evidence for polygenic control of the bipupillation
of the forewing eyespot (see Fig. 8/1). Thus in the two broods in which
both parents were bipupilled, 67.1 % of all male wings and 99.3 % of
female wings were bipupilled while for the seven broods where neither
parent was bipupilled these figures were 6.5 % and 72.7 %, respectively.
Females are more often bipupilled than males in natural populations.
There are also differences in frequency between populations (see FRAZER
1961 *1496-, THOMSON 1973 *4606-, and BRAKEFIELD 1979a). The
form with two white pupils is called bioculata. The additional form
nomenclature applied to the forewing apical eyespot is described by
THOMSON (\969*4598-).
8.3.5 Other spot characters
The genetic crosses performed by BRAKEFIELD also provide evidence of
the polygenic basis of variation in other spot characters (unpublished
data). The form addenda has additional spots on the forewing (see Fig.
8/1). None of the parents were addenda but offspring from ten of the six-
teen broods were. The frequency of the form in these ten broods varied
from 0 to 12.5 % in males and 4.5 to 50.0 % in females. The spot imme-
diately below the apical eyespot comprised all but four of the total of 319
spots. Individuals in which hindwing spots have white pupils are called
infra-pupillata. A proportion of the hindwing spots in each brood had
pupils. This proportion, however, varied from 0 to 42.4 % in males and
0 to 26.5 % in females. It was higher for males in thirteen of the broods.
The frequency was highest in each sex in the brood (No. 13) in which the
male parent had four spots with pupils. Two other broods in which one
parent had a pupilled spot showed relatively high offspring frequencies
especially in the same sex. The apical eyespot of many males from eleven
of the broods showed an anal elongation. The highest offspring frequen-
cies (32 and 50%) were in two of the four broods in which the male par-
ent exhibited this phenotype. These parent-offspring relationships and
variability between broods are all consistent with an influence of poly-
genic systems in the control of each character.
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8.3.6 Models of genetic control
BRAKEFIELD and VAN NOORDWIJK (1985) examined data on the relative
size of the hindwing spots in each individual of their broods. It was
found that the parent-offspring relationship was improved when these
data were taken into account compared with when only data for spot-
presence were analyzed. This finding and the results of a morphometric
analysis of the spot pattern (BRAKEFIELD 1979a, 1984) support a thresh-
old model for the determination of spot phenotype as implicated in
NIJHOUT'S (1978, 1980, 1985) work on Precis cocnia. The same morpho-
genetic substance apparently determines both the presence-absence of a
spot and its size when present. It is likely that genetic correlations con-
tribute to the observed phenotypic correlations between the spot charac-
ters; that is while some genes may only influence the expression of single
spots others may influence sets of spots or have an overall effect. Such a
system would resemble that demonstrated experimentally in work on the
pattern of the sternopleural bristles in the fruitfly, Drosophila melanogas-
tcr (see e.g. SPICKETT 1963, SPICKETT and THODAY 1966). Genetic cross-
ing or selection programmes extending over more than one generation
are necessary to give further insight in M. jurtina. A preliminary obser-
vation that parents of widely different spot-numbers produce more vari-
able offspring than similar ones suggests that the number of genes deter-
mining hindwing spotting may be small rather than large (BRAKEFIELD
and VAN NOORDWIJK 1985).
8.3.7 Effects on development rates
An important finding from the breeding programme was that in some of
the larger broods there were differences in the timing of adult emergence
between the spot types (BRAKEFIELD 1984). Thus in three broods, costal
4 males tended to emerge several days earlier than splay 2 males. Overall
such differences meant that the first half of the emergence showed a
higher spotting than the second half, especially in the males. These re-
sults suggest that there are differences in development rates between the
spot types which result from pleiotropic effects of the spot genes. Such
non-visual effects may be critical in the selection influencing spotting.
These observations are also of particular interest in relation to the intra-
seasonal declines in spotting in many field populations which have been
sampled on more than one occasion during a flight season (examples in
CREED etal. 1959, *0977-, DOWDESWELL 1962 *///6-, SCALI and MA-
SETTI 1975). They do not apparently occur in all populations (TUDOR
and PARKIN 1979). Earlier work by DOWDESWELL (1961 *///5-, 1962
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*1II6-) which involved a comparison of the spotting in adults reared
from wild-collected, late-instar larvae with flying adults from the same
population suggested that such changes could result from differential
parasitism by the ichneumonid Apanteles tetricus (other work on larval
populations is described in BRAKEFIELD, 1984). However, the causal na-
ture of the observed relationship between level of parasitism and spotting
has not been demonstrated. It is noteworthy that populations within a
particular region vary widely in the timing and length of their period of
emergence and the form of the adult population curve (POLLARD 1979
*3542-, BRAKEFIELD 1987c). The relationship between such variability
and spotting would repay further investigation. Differences in develop-
ment rate could also be involved in the observed latitudinal and altitudi-
nal clines in hindwing spot-placing (MrWmRTER and CREED 1971,
BRAKEFIELD 1984).
8.3.8 Field surveys
The extensive survey data for hindwing spot-number has been reviewed
by FORD (1975 *1461-), DOWDF.SWELL (1981 *///?-) and BRAKKFIF.LD
(1984). Fieldwork has concentrated on four regions: The Isles of Scilly
off southwest England; southwest, southern and central England; Scot-
land; and central Italy. A few additional samples have been obtained
from Ireland, Wales, Sicily and Spain. Museum material from 82 locali-
ties throughout the species' range was examined by DOWDESWELL and
McWHiRTER (1967 *1124-)< with some additional samples being de-
scribed by FRAZI-R and WILLCox (1975 *l498a~).
The study of M. jurtina rose to prominence with the pioneering work
of E. B. FORD, W. H. DOWDKSWELL and colleagues on the Isles of Scilly
in the 1950's and 1960's (see especially FORD 1975 *1461~). The results
were especially significant in relation to the controversy among evolu-
tionary biologists over the relative contribution of natural selection and
of random genetic drift or founder effects to geographical and popula-
tion differentiation.
Most female populations on the three large islands (> 275 ha) of the
Isles of Scilly showed a 'flat-topped' spot frequency with similar num-
bers of 0, 1 and 2 spot individuals (by convention the number of spots is
the total on the left hindwing of a butterfly). In contrast, females on the
small islands (< 16 ha) exhibited a variety of spot frequencies which
tended to fall into three groups: unimodal at 0 spots, bimodal at 0 and 2
spots and unimodal at 2 spots (Downi swi.u. c t al. 1960 *//2J-, CREED
et al. 1964 *0978-). E. B. FORD and his co-workers believe that those
populations on the large, and diverse, islands result from natural selec-
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tion producing a gene complex simultaneously adapted to a wide range
of environments. In contrast, they suggest that the small islands are each
characterized by one of a range of different environments and that con-
sequently selection has favoured a more specific gene complex closely
adapted to specialized conditions. A similar argument is applied to pop-
ulations inhabiting isolated small areas of the large islands. I t is note-
worthy that in an early study, McWmRTER (1957) suggested that the
three groups of spot frequencies characteristic of the small islands
reflected three different types of habitat (see B R A K I i n i n 1984). Male
populations on the islands arc less variable than those of females.
WADDINGTON (1957) considered that the differences between small is-
lands resulted from periods of intermittent genetic drift associated with
bottlenecks in population size. A similar reasoning was developed by
DOBZHANSKY and PAVLOVSKY (1957) who suggested that the small island
populations were derived from small founder groups with differing gene
frequencies from which relatively stable but different gene pools devel-
oped. FORD and his colleagues have countered such hypotheses based on
random sampling effects with their observations of a population passing
through an extreme bottleneck in size with no subsequent disruption of
spot frequency (CREED eta/. 1964 *Q978-} and an example of a change
in habitat being associated with one in spotting (DowDKSWHt.L and
FORD 1955 *1I21-, DOWDBSWKLL et al. 1957 *1122-).
The other major series of studies by FORD'S group has been concerned
with the so-called "boundary phenomenon" which occurs along the
southwest peninsula of England (see detailed accounts by FORD 1975
*I46I- and DOWDKSWKLL 1981 *///7-). Females in populations from
Cornwall in the west and extending some distance into Devon are more
highly spotted than those in populations further east. The transit ion
from populations bimodal at 0 and 2 spots to those unimodal al O can be
a sharp one. For example, in 1956 when first discovered, the boundary
was associated with two adjoining fields separated by a hedge. The dif-
ference in spotting was also most marked around the position of the
change-over, a situation described as a reverse-cline ( C ' R i i n cl al. 1959
*0977—). Recent work has demonstrated that male populations show
similar changes in spotting to those of females within the boundary re-
gion (BRAKHHEI .D and MACNAIR, in prep.). The boundary region in
southwest England is also associated with fluctuations or dines (i.e.
gradual or progressive spatial changes) in spot-placing variation
(McWmRTKR and CRKHD, 1971), allelic frequencies at two esterase en-
zyme loci (HANDH)RD 1973 */,S'94-) and the size of each of the spot
characters shown in Fig. 8/1 (BRAKEFIELD and MACNAIR. in prep).
The boundary phenomenon has been of particular importance in the
development of theories about how populations become genetically dif-
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ferentiated; a process which may eventually lead to speciation. Two es-
sentially different sets of hypotheses have been put forward to account
for the observations. CREED el al. (1962) interpreted their fieldwork as
demonstrating the present-day action of very powerful natural selection
which differed on each side of the boundary. Some laboratory experi-
ments with fruit flies (Drosophila) have shown how such disruptive se-
lection practiced on artificial populations can lead to divergence and ef-
fective isolation (see discussion by SHEPPARD 1969). FORD (1975 *J46l~)
discusses the boundary phenomenon in relation to sympatric evolution
in which distinct races or local forms can arise without isolation past or
present. HANDFORD (1973 *1894~) elaborates on this interpretation,
suggesting that there is a switch-over between two co-adapted genetic
systems at a critical point in an environmental gradient. Genes are said
to be co-adapted if high fitness depends upon specific interactions be-
tween them. DENNIS (1977 *1064-) develops the alternative hypothesis
that the boundary represents the zone to which two groups of popula-
tions of M. jurtina which diverged during a past period of isolation (allo-
patry) have expanded their range. The discreteness of the main popula-
tion groups must then be maintained by some form of selection against
hybrids between them or it must be in the process of decay involving a
progressive change to a shallow cline, and eventual uniformity and mix-
ing of gene pools. Such a breakdown may be slowed by some selection
and the comparatively low dispersal rate of the species. In practice it is
extremely difficult to distinguish between dif ferent ia t ion evolving with
or without allopatry, especially without a detailed knowledge of the geo-
logical and biological history of the region across which a present day
hybrid /one or steep cline occurs. DENNIS (1977 *l()f>4-, pp. 250-251)
discusses some evidence which suggests that for some 4500 years prior
to the sub Boreal period (that is from about 9500 to 5000 years ago) an
allopatric distribution of M. jurtina may have occurred in the south of
Britain. Differences in vegetation cover and climate may have led to
populations being restricted to the granite or sandstone upland areas of
Cornwall and Devon in the west and the wide expanse of interconnected
calcareous uplands of southern and southeast England.
The most difficult feature of the boundary phenomenon to account
for are the shifts in the geographical position of the boundary itself
which have occurred from time to time. These may be of up to 60 km
cast or west between generations (e.g. CREED et al. 1970). In many years
the boundary is also much less abrupt than it was for example in 1956.
CLARKE (1970) has suggested that the boundary region is a zone of
hybridization and the shifts could result from individuals within this
/one being particularly prone to developmental instability. FORD (1975
*146I-) argues that such an instability would lead to a mosaic of popu-
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lations wi th differing spot frequencies which is not found. Recent work
hy BRAKKHKLD and MACNAIR (in prep.) has suggested that progressive
declines in spotting during adult emergence in combination with varia-
tion between years in the timing of the flight period and/or sampling
dates could contribute to such (apparent) shifts in the position of the
boundary. Their work is based on a grid of study populations covering
the whole boundary region and indicates a more complex pattern of
geographical different iat ion than the results of E. B. FORD'S group ob-
tained using one or two transects. In 1982 to 1984 the spot characters in
each sex showed a series of more or less coincident clines of varying
steepness from east to west along the peninsula. There was no simple
separating line running from north to south across the peninsula and an
abrupt boundary was not detected.
FORMAN, FORD and MrWmRTKR (1959 *I466-) found that popula-
tions in the extreme north of Scotland were low spotted and similar to
the least spotted populations of southern England. A later five-year sur-
vey of populations of central-eastern Scotland showed a similar spotting
save in the Grampian Mountains where high spotted butterflies pre-
vailed in small populations at a low density (BRAKHHKLD 1979a, b
*0570a-, 1982a *0570b-, 1984). MrWuiRiHR and C'm;i;i> (1971)
showed tha t the hindwing spots tended to be positioned more towards
the anal edge of the wing in Scotland than in southern England. BRAKK-
i i i i n's results showed that within Scotland a parallel tendency, although
much exaggerated, was found with a progressive change or cline of in-
creasing anality with increasing altitude. A comparison of the variation
in spot-number between generations within populations in Scotland,
southern England and the Isles of Scilly suggested that the more ecologi-
cally marginal populations of Scotland were characterized by a greater
constancy (BRAK.KHHLD 1979b *057(ki-). This finding is consistent with
the hypothesis that selection acts in such marginal conditions so as to
favour a relative homo/ygosity and adaptive specialization (for a recent
review see BRUSSARD 1984).
V. SCAI.I and co-workers have sampled many populations in Tuscany,
central I ta ly . Higher spotting prevailed than that characteristic of south-
ern England. The highest mean spot-numbers (spot averages) were
found on two large offshore islands (ScALi 1971a *4083-, 1972
*4083b— ). Variation between populations was evident in males as well as
females. Some of their observations were similar to those of workers in
Britain. For example, some widespread shifts in spotting in one year
paralleled those in S. England and the Isles of Scilly associated with un-
usual climatic conditions in 1955-1957 (CüOD etal. 1959 *0977
1962, Dowuiiswi 1 1 a til. I960 *//.?.?-) and some others coincided with
habitat changes in particular populations.
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Perhaps the most interesting results of the work in Italy have been
those associated with variation in the reproductive behaviour of the spe-
cies. At lower altitudes in Tuscany and elsewhere in the Mediterranean
adult emergence is more synchronized and occurs earlier than in north-
ern Europe. Pairing takes place, following which the males die and the
females undergo a long period of quiescence and aestivation in wood-
land understorey over the hottest season. Oviposition occurs in grass-
land after egg maturation in late August and September and fertilization
from stored sperm. SCALI (1971b *4083a-), MASETTI and SCALI (1972)
and SCALI and MASETTI (1975) have found that females with hindwing
spots are much less frequent after aestivation than before. The spot fre-
quency distribution changes from one with roughly equal numbers of
nought, one and two spotted specimens to one unimodal at nought
spots. This powerful selection amounting to about 65-70% against
females with from two to five spots has not been accounted for but the
author has suggested it could be related to a greater tendency of spotted
butterflies to move away from aestivating aggregations to less favoura-
ble conditions ( B R A K H I I i.n 1984). Such a tendency would correspond
with findings of a positive relationship between spot-number and disper-
sal in two English populations. SCAI.I and his colleagues have found that
a 'normal' life cycle occurs in mountain populations while at some loca-
tions at intermediate altitudes some butterflies emerge early followed by
female aestivation, and others late with no aestivation. The control of
this diversity in reproductive behaviour and its genetical basis would
provide a fascinating investigation. It is likely to be influenced by poly-
genie systems (c.f., Coenonytnpha pamphilus; LHKS 1962 *2654-, 1965
*2655~).
An examination of museum material from localities throughout the
species' range by DOWIJKSWFI.L and MrWmRn;R (1967 *II24~) indicat-
ed a large more or less central region (the 'General European') charac-
terized by a rather uniform spotting with other, more peripheral regions
showing different forms of spot frequency. Such regions were described
as stabilization areas and transitions between them were considered to
be sharp such as occurs within the boundary region in southwest Eng-
land. When a further study of this type by FRAZER and WILLCOX (1975
*/498a-) and the field surveys within particular regions by other work-
ers are considered, it is unclear how precise the distinctions between sta-
bilization areas are. Certainly enclaves of populations with differing
spot frequencies, such as in the Grampian Mountains of Scotland, can
occur within these areas. It is noteworthy that when the survey data for
the frequency of the different alleles at the phosphoglucomutase (PGM)
enzyme locus are considered there is no indication of a correspondence
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with DOWDESWELL and MC\VHIRTER'S map of stabilization areas (MA-
SETTI and SCALI 1978 *2979-, and see DOWDESWELL 1981 *////-).
8.3.9 Variation in the gcnitalia
Similarly, there is no significant coincidence between patterns in spot-
ting and the distribution of different morphological forms of the genila-
lia. These forms have been studied intensively by THOMSON (1973
*4606-, 1975 *4607-, 1976 *4609-). The variability is most marked in
the form of the valve of males. Two main types, the 'eastern' and the
'western', are distinguished which differ especially in the shape of the
dorsal process. The changeover between these types occurs along a more
or less broad zone running southwards from Sweden, the Netherlands,
Belgium and northeast France to southeast France and the Mediterra-
nean. This region is characterized by a transitional type of valve. The
region is much narrower in the south. This distribution may reflect some
form of hybrid zone between two races or similar entities which have dif-
ferentiated during a past period of isolation (allopatry) and show a pres-
ent-day secondary integration (cf. the boundary region). It would be
most interesting to investigate the genctical basis of the morphological
differences in genitalia and to determine the extent of any hybrid invia-
bi l i ty between the population groups. THOMSON considers that both the
'eastern' and 'western' types of valve originated from ancestral popula-
tions in western Asia (Iran). These populations are represented today by
a so-called 'primitive' valve structure. The two main types of valve may,
however, have originated independently in the eastern and western re-
gions of the Mediterranean. DENNIS (1977 *I064-, p. 249) discusses this
hypothesis with regard to past changes in climate and suggests that these
regions could not have been entirely isolated from one another for any
great duration of time. He also points out the intriguing nature of THOM-
SON'S discovery of pockets of non-western types of valve in the British
Isles and France (excluding the east). THOMSON (1973 *4606-) also gives
a detailed account of the geographical distribution of other quantitative
morphological characters, including the area of fulvous coloration on
the upperside hindwing of females, the extent of the androconial scales
of males and the frequency of males with a medial line on the underside
forewing. Data on the inheritance of such characters is unfortunately
lacking. THOMSON also gives a most useful description of the various
subspecies, races or forms recognized in M. jurtina. Some of these are
associated with geographically peripheral isolates in an apparently simi-
lar way to some of the small peripheral spot stabilizations distinguished
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by DOWDESWELL and MC\VHIRTI:R (1967 *1124-) in their survey of
hindwing spotting.
8.4 Coenonympha tullia
The large heath C. tullia is a northern or alpine species. Colonies in Brit-
ain are confined to peat mosses, lowland raised bogs, damp acid moor-
land and upland blanket bog from sea-level up to at least 800 metres.
The species seems to exhibit a rather disjunct distribution although this
is likely to be partly due to major losses of lowland raised bogs (see
HI-.ATH etal. 1984). Several major races or subspecies are recognized by
taxonomists principally on the basis of development of the submarginal
rings of eyespots especially on the ventral surface of both wings (Fig.
8/2). These are most strikingly distinct in populations inhabiting some
of the peat mosses of lowland Cheshire and Staffordshire. This pheno-
type, which is also characterized by a comparatively dark ground colour,
is known as davus (an important synonym \&phUoxenus). Populations of
the race polydama with intermediate expression of these spots are found
in the central lowlands of Scotland southwards to Cumbria in the west
and Yorkshire and Lincolnshire in the east. The eyespots are greatly re-
duced in both number and size in populations of the almost unspotted
race scotica in the Scottish Highlands and Orkney. The butterflies are
also comparatively pale in ground colour.
Some indication that these phenotypes are associated with more ex-
tensive genetic differentiation than the phenomena studied in relation to
wing spotting in Maniola jurtina is given by some limited crossing exper-
iments made by FORD (1949). He reared some 'intersex' specimens from
a mating between material from Merioneth in Wales and Caithness in
Northern Scotland, that is polydama * scotica (none were observed for a
cross of Merioneth and Carlisle in northern England). This form of dis-
ruption in the more distant cross indicates substantial disturbance of the
mechanism of sex determination. The important work by OLIVER
(1972a, b *3339-, 1979), which included crosses between English and
French wall browns Pararge megera, quantified in a much more com-
plete manner the disruption of features such as the sex ratio and the
emergence pattern of males and females commonly found in hybrids be-
tween distantly spaced populations. Such effects indicate substantial dis-
ruption of development and hybrid inviability probably due to the
breakdown of coadapted gene complexes. Further breeding data exam-
ining the control of spotting variation and geographical differentiation
in C. tullia are critical to providing further insight.
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Fig. 8/2. Diagram of va r i a t ion in the ventral wing pattern of Coenonympha lullia
in British populations. Left wings are unshaded to emphasi/e the submarginal
eyespots and areas of pale colouration. Specimens illustrated are of the races
scotiai (top left), polytltinni (lop right) and davits (bottom row).
A detailed morphometric analysis has been performed on material
from British collections of C. tullia (DENNIS 1977 *I064-, PORTER 1980
*36()5-, DENNIS et al. 1984, 1986). DENNIS et al. (1986) describe a multi-
variate analysis of records of spot presence and measurements of spot
size and wing area in samples from thirty-one localities in the British
Isles. This yields a clear separation of three clusters corresponding to
populations of the three subspecies described above. The widest scatter
represents the geographically more heterogeneous group of intermediate
phenotypc covering the region from the central lowlands of Scotland to
northern England with north Wales. Two samples from Ireland appear
to be somewhat intermediate between scotica and polydama. The posi-
tion within each of the cluster envelopes tends to reflect the geographical
order of the localities consistent with the existence of clines within each
subspecies.
These findings suggest several possible evolutionary explanations.
Firstly the local distribution of the species through much of its range in
Britain may tend to mask what are essentially parallel clines in spotting
extending both northwards and westwards from the lowland English
mosses in response to an environmental gradient. The report of intersex-
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es from the cross polydama x scotica is consistent with the alternative
extreme where the three phenotypes correspond to three (or four) clus-
ters of populations associated with a disjunct distribution of races
evolved in a period of allopatry. If so, why is there evidence of clinal
change within each race? This could represent a common response to
similar environmental gradients exhibited by each race. A third explana-
tion is that the two extremes in spot phenotype represent the effects of a
past period of allopatry and genetic divergence involving adaptation to
differing environments (a modification of this explanation would ex-
clude this involvement of adaptation; spotting divergence merely reflect-
ing some pleiotropic effect of differentiation unrelated to selection on
spotting/w se). The heterogeneous grouping of populations with inter-
mediate phenotypes may then represent a zone of introgression between
these races produced by a more recent spread and meeting of popula-
tions. However, as ENDLER (1977) has emphasized, it is very difficult to
distinguish between hypotheses involving past allopatry and differentia-
tion with secondary contact and those concerning responses to present-
day selection regimes and environmental gradients. If future research
fully demonstrates major genetic differentiation between populations of
the lowland mosses and those of the Scottish Highlands then the hy-
pothesis involving secondary introgression becomes more attractive.
The model developed to account for visual selection on wing spotting
in Maniola jurtina can also be applied to C. tullia ( B R A K I : I n ; t , i > 1984). In
particular, it can be'predicted that the lowland Shropshire populations
would, because of some combination of habitat type with mixed vegeta-
tion and higher sunshine loads promoting butterfly activity, experience
selection favouring the evolution of eyespots for deflection of predator
attacks away from the vulnerable body. At the other extreme it can be
argued that in northern Scotland the comparatively homogeneous
moorland habitat and climate supporting more limited adult activity fa-
voured through selection an emphasis on smaller eyespots enhancing
crypsis but with reduced effectiveness in evasion of predator attacks.
Large eyespots in these conditions might attract predators to resting in-
sects which were to the most part incapable of escape.
The overall model regarding climate and prédation has been elegantly
expanded upon by DKNNIS ctal. (1986) for C. tullia in Britain. They
found a close positive association between spotting and the duration of
bright sunshine in the adult flight period. Although there are numerous
statistical associations with other climatic variables, the relationship
with sunshine is consistent with geographical changes in levels of adult
activity which could shift the balance of selection on wing pattern to-
wards an emphasis on more highly developed spotting functioning pri-
marily in the deflection of attacks by predators. DKNNIS ctal. (1986)
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summarize the incidence of wing damage in their material which was
consistent with failed attacks by predators. There was evidence of a high
level of prédation by birds, with 43% of males and 58% of females
bearing at least one damage mark. They had noted earlier (DKNNIS et al.
1984) that the pattern in the positioning of such damage was consistent
with larger wing spots being the best decoys.
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